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A mutticenter study was performed to compare 
the diagnostic accuracy of a new technique, seis 
mocardiography, with that of electrocardiography 
for physiologically and anatomically significant 
ischemic coronary artery disease (CAD) during 
exercise stress testing 
Five participating centers enrolled 129 
patients who had simultaneous seismocardie 
grams and 12-lead electrocardiograms at the 
time of their exercise treadmill stress tests. Two 
different definitions of CAD were used: anatomic 
and physiologically significant disease. The pree 
ence of anatomically significant CAD (250% diam 
eter stenosis) was documented by coronary 
angiography. Physiologically significant CAD was 
defined as present in the same 129 patients 
when coronary arteriography (250% diameter 
stenosis) and thallium201 scintigraphy (defect 
on initial postexercise images) were both abnor- 
mal. Sei smocardiography had a significantly bet- 
ter sensitivity for detecting anatomic CAD than 
did electrocardiography (73 vs 48%; p cO.OOl), 
without loss of specificity (78 vs 80%; p = NS). 
Exercise seismocardiography added significant 
incremental diagnostic information beyond that 
provided by exercise electrocardiography. Seis- 
mocatdiography was more sensitive (without less 
specificity) in women and in patients who did not 
achieve maximal predicted heart rate. In patients 
with physiologically significant CAD, the seisme 
cardiogram was also significantly more sensitive 
(78%) than was the electrocardiogram (55%) (p 
<0.02), without loss of specificity (84 vs 74%). 
Seismocardiography significantly improved 
sensitivity for the detection of anatomic and 
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physiolo&c CAD. lt is easy to perform and may 
be a clinically useful adjunct in exercise stress 
testing. 
(Am J Cardiol199~7lz539-545) 
T he use of electrocardiography during exercise stress testing for the noninvasive diagnosis of coronary artery disease (CAD) has a relatively 
low sensitivity (approximately 68%).132 Other noninva- 
sive tests such as thallium or radionuclide ventriculog- 
raphy3s4 and stress echocardiography have been shown 
to have greater sensitivity for detecting CAD, but are 
more expensive and need additional expertise. Thus, an 
initial test for CAD, which has improved sensitivity, and 
is also safe and inexpensive, and easy to perform and 
interpret, would be of significant clinical value in the pri- 
mary care setting. Seismocardiography is a new nonin- 
vasive technique that measures seismic waves on the an- 
terior chest surface emanating from the motion of the 
heart6 Changes in cardiac wall motion induced by is- 
chemia with exercise or balloon inflation during percu- 
taneous transluminal coronary angioplasty can be de- 
tected by this methodology.6,7 Seismocardiography can 
be classified as a form of displacement cardiography that 
includes apexcardiography,* kinetocardiography,9 ballis- 
tocardiography1o%1 l and cardiokymography.12,13 Seismo- 
cardiography is known to be safe, inexpensive and easy 
to perform, but its sensitivity for detecting patients with 
CAD needs to be validated. The purpose of this multi- 
center study was to evaluate the ability of seismocar- 
diography to augment the sensitivity and specificity of 
exercise electrocardiography for the diagnosis of is- 
chemic CAD in a large group of patients with and with- 
out CAD. The incremental diagnostic information pro- 
vided by exercise seismocardiography beyond exercise 
electrocardiography and clinical variables was evaluated. 
In this study, a purely anatomic detinition (i.e., angio- 
graphic criterion alone), as well as a physiologic one 
(angiographic plus thallium-201 scintigraphic criteria), 
of CAD was used to evaluate the diagnostic accuracy of 
seismocardiography. 
METHODS 
Patients were recruited from 5 participating institu- 
tions from August 1989 to January 1991 after approvals 
of the study by the appropriate institutional review 
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boards. There were 611 patients who had exercise elec- 
trocardiography and thallium imaging for clinical rea- 
sons. Exercise seismocardiography was performed in 
conjunction with the aforementioned tests, but only for 
the purpose of this study. 
Of 611 patients, 169 were enrolled based on the cri- 
terion of a coronary angiogram within 3 months, before 
or after, of their exercise stress test. The 442 patients 
who were not eligible for inclusion in this study were 
excluded for absence of a coronary angiogram or for 
having an angiogram that did not fullill study criteria. If 
a coronary angiogram was performed within the pre- 
vious 3 months, and no significant changes in cardiac 
symptoms occurred between the exercise thallium test 
and angiogram, then it was used for comparison with 
the exercise test results. If myocardial infarction or by- 
pass surgery had occurred between the 2 tests, the pa- 
tient was excluded. Patients who had coronary angio- 
plasty were excluded if the angioplasty was performed 
~3 months before the stress test. If angioplasty was per- 
formed 3 to 6 months before the exercise test, then an 
angiogram obtained within 2 weeks of the exercise test 
was needed for inclusion in the study. Patients without 
prior coronary angiograms were followed by telephone 
at 1 and 3 months after the exercise test to determine if 
an angiogram had been obtained after the exercise test. 
Of 169 patients with angiograms, 16 were excluded 
before seismocardiographic or electrocardiographic in- 
terpretation for not fulfilling entry criteria. The protocol- 
defined exclusion criteria were as follows: intraven- 
tricular conduction delay (right or left bundle branch 
block) on the electrocardiogram (n = 7); myocardial in- 
farction within 6 weeks of exercise stress test (n = 3); 
atria1 fibrillation (n = 3); premature ventricular con- 
tractions or intermittent ventricular pacing, or both 
(n = 2); heart transplantation (n = 1); significant valvular 
heart disease (n = 0); and prior coronary artery bypass 
surgery (n = 0). Of the remaining 153 patients, an- 
giographic (n = 13), thallium-201 scintigraphic (n = 2), 
electrocardiographic (n = 0) or seismocardiographic 
(n = 9) data were unavailable or inadequate for evalua- 
tion in 24 patients (2 patients had 2 reasons for exclu- 
sion). 
FIGURE 1. Simultaneously 
The remaining 129 patients had complete data in- 
cluding coronary angiography, exercise thallium-201 
scintigraphy, and exercise electrocardiography and seis- 
mocardiography. A subset of this group (n = 9) initially 
had “normal” coronary angiograms and were later 
(within 3 months) recruited to undergo exercise thalli- 
um-201 (and seismocardiographic) stress testing solely 
for the purpose of this study. The other patients all bald 
clinically indicated exercise tests; angiograms were ob- 
tained before the exercise tests in 69 patients and after 
the exercise tests in 60. Group A included 89 patients 
with 250% diameter coronary artery stenoses on angi- 
ography, and group B included 40 patients with ~50% 
stenoses. 
Exercise electrocardiography: Resting supine and 
upright 1Zlead electrocardiograms were obtained im- 
mediately before a symptom-limited exercise treadmill 
test that used either the Naughton (n = 17), Bruce 
(n = 99) or other (n = 13) protocol.14 Exercise was 
stopped for >2 mm of ST depression (n = ll), a 20 mm 
Hg decrease in systolic blood pressure (n = l), systolic 
blood pressure >220 mm Hg (n = 7), chest pain 
(n = 37), fatigue (n = 37) or 285% age-predicted max- 
imal heart rate achieved (n = 36). Electrocardiographic 
evidence of ischemia was detined as 21 mm of horizon- 
tal or downsloping ST-segment depression from the 
baseline ST segment as visually estimated 60 to 80 ms 
after the J point. 
Exercise seismocardiography: The method of ob- 
taining rest and immediate postexercise seismocardio- 
grams was previously reported in detail6 Briefly, a 1 k.g 
ultralow-frequency piezoelectric acceleration transducer 
(Seismed Instruments Incorporated, Minneapolis, MN) 
was positioned on the sternum in the midline, with the 
lower edge of the accelerometer at the xyphoid process, 
with the patient in the supine position. A l-minute re- 
cording was obtained. A 3-lead electrocardiogram was 
recorded simultaneously to provide a fiducial mark for 
signal averaging and the proper timing of the recorded 
seismic waves induced by cardiac motion transmitted to 
the anterior chest wall. The seismic waveforms under- 
went band-pass filtering and analog-to-digital conversion 
(sample rate 250/s), as well as signal processing and 
recorded sei smocanliogram 
(SCG) and electrocardiogram 
(ECG) show timing of seis- 
mocardiographic waves dulc 
ing cardiac cycle. Gased on 
Doppler and M+ncde echo 
cardiographic studies, systol- 
ic events were identified as 
mitral valve closure (MC), 
isovolumic movement (IM), 
aortic valve opening (AO), 
rapid systolic ejection (RE) 
and aortic valve closure 
(AC). Diastolic events includ- 
ed mitral valve opening 
(MO), early rapid filling (RF) 
and atrial systole (AS). 
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Uormal 
4bnormal 
I 1 set 
RGURE 2. Resting and postexercise seis- 
mocardiograms (SCG) and matching el- 
trocadograms (ECG) in 2 patients; 1 with noF 
mal coronary arteries and “normal” SCG show- 
ing no significant changes in 9CG waveform 
morphology from baseline to after exercise, 
and the other with >90% stenosis of Ml aoteri- 
or descending coronary artery and positive SCG 
showing significant changes in 9CG waveform 
mo+ology. Postexercise GCG shows decrease 
in aortic valve opening (AO) amplitude and 
increase in early rapid filling (RF) amplitude 
compared with baseline SCG. Other abbrevib 
tions as in Figure 1. 
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averaging. The data were then stored on a micro- 
processor for later analysis and a hard copy output of 
results. The real-time seismocardiographic and electro- 
cardiographic tracings appeared on the computer screen 
during data acquisition to ensure technically proper re- 
cordings. Immediately after the exercise test, the patient 
was again placed in the supine position, and a second 
l-minute seismocardiogram was recorded. A third l- 
minute seismocardiogram was also obtained after 25 
minutes of recovery after exercise. For this study, the 
recovery seismocardiogram was obtained 30 minutes 
after exercise to avoid delays in thallium imaging. 
Previous work using simultaneous M-mode, 2-di- 
mensional and Doppler echocardiography documented 
the correspondence of seismocardiographic waves with 
intracardiac events6j7 including mitral valve closure, aor- 
tic valve opening, rapid left ventricular ejection, peak left 
ventricular outflow tract velocity, aortic valve closure, 
mitral valve opening, early rapid filling and atrial systole 
(Figure 1). 
An example from this study of the change in seismo- 
cardiographic waveforms with exercise-induced ische- 
mia is shown in Figure 2. The major criterion for abnor- 
mality was a relative change in the systolic portion of 
the tracing. The amplitude and timing of the pre-exer- 
cise aortic valve opening point was compared with those 
of the immediate postexercise aortic valve opening point. 
A 250% decrease or disappearance in this point in the 
postexercise waveform compared within the pre-exercise 
waveform was considered abnormal. If with a 10 
beats/min increase in heart rate after exercise the dura- 
tion of Q wave to aortic valve opening did not decrease, 
the test was considered abnormal. A secondary criteri- 
on for the presence of coronary ischemia was an 
increase in the amplitude of the diastolic RF wave im- 
mediately after exercise. If the overall morphology of 
the waveform was unchanged but the frequency of the 
waves increased due to increased heart rate, the tracing 
was considered normal. The interpretation criteria were 
previously described.15 Registration of waves for propor- 
tional changes in heart rate was previously validated.6 In 
a previous study, inter- and intraobserver agreement were 
80 and 88%, respectively. l5 The reproducibility of the 
baseline seismocardiogram over a 3-month period has 
been valida&k6 
Thallium201 scintigraphy: At peak exercise, 3 mCi 
(111 MBq) of thallium-201 was injected intravenously, 
and exercise was continued for 30 to 60 seconds. Sin- 
gle-photon emission computed tomographic (SPECT) 
imaging was begun 10 to 15 minutes after exercise. 
Image acquisition was performed over 180”, from the 
30” right anterior oblique to 60” left posterior oblique 
projection, with 32 stops of 30 seconds each. Delayed 
images were obtained 3 to 4 hours after exercise. 
hnmediate postexercise tomographic images were inter- 
preted semiquantitatively using a 5-point scale as fol- 
lows: 0 = normal, 1 = equivocal defect; 2 = moderate 
defect; 3 = severe defect; and 4 = no perfusion. Thahi- 
urn-201 redistribution was graded on a 4-point scale as 
follows: 0 = no redistribution; 1 = minimal redistribu- 
tion; 2 = partial redistribution; and 3 = complete 
redistribution. In 11 patients, reinjection of thallium (1 
mCi [37 MBq]) was performed before the acquisition of 
delayed images. 
Coronary angiography: Coronary angiography was 
performed using the Judkins technique. Reduction in 
percent luminal diameter was visually assessed, and cat- 
egorized as 0 to 25%, 26 to 49%, 50 to 69%, 70 to 89%, 
90 to 99%, and 100%. 
lest intetpretation: Electrocardiograms, seismocar- 
diograms, thallium images and coronary angiograms 
were all interpreted without knowledge of clinical find- 
ings or other test results by 2 independent observers (see 
Appendix). A third independent observer adjudicatetd 
any differences between readers. 
Clinical data: Before the exercise test, a medical his- 
tory concerning prior myocardial infarction, prior angi- 
ography, other cardiac events and cardiac medications 
was obtained from the patient. Cardiac risk factors were 
also assessed by patient history (smoking, hypertension, 
hypercholesterolemia, diabetes and chest pain). Pretest 
symptoms were classitied by the examining physician as 
either noncardiac, or atypical or typical angina. There 
were 25 patients who were asymptomatic, 16 with non- 
cardiac symptoms, 22 with atypical angina and 66 with 
typical angina. 
The pretest likelihood of CAD was estimated using 
the Framingham Prospective Risk Score,16 translate:d 
from 6-year future risk to present risk.17J8 
Data analysis: Anatomically significant CAD was 
detined based on the angiographic criterion of the pres- 
ence of 250% diameter stenosis in 21 epicardial artery 
or major branch. 
An alternative definition of significant CAD was also 
used in the comparison of the electrocardiogram and 
seismocardiogram. Physiologically significant disease 
was considered present if the patient had both a thalli- 
um defect and 250% luminal diameter stenosis on 
angiography (n = 51). Physiologically significant disease 
was considered absent if the patient had neither a thal- 
lium defect nor ~50% diameter stenosis on angiography 
(n = 31). Patients who had thallium scintigraphic and 
coronary angiographic results that did not agree were 
omitted from this analysis (n = 47). Using slightly dif- 
ferent criteria for evidence of significant ischemia, a 
group of 70 patients was identified who had both 250% 
diameter coronary stenosis on angiography and a re- 
versible thallium defect (n = 33), or neither (n = 37). 
Patients who had thallium scintigraphic and coronary 
arteriographic results that did not agree were omitted 
from this analysis (n = 59). This group (n = 70) was des- 
ignated the “physiologically ischemic” group. The diag- 
nostic accuracy of the electrocardiogram and seis- 
mocardiogram using these anatomic and physiologic al- 
ternative criteria for CAD was assessed by comparison 
of sensitivity, specificity, and positive and negative pre- 
dictive accuracy. 
Receiver-operating characteristic curves were con- 
structed from logistic models. Model 1 contained age, 
gender and angina symptoms before testing. Model 2 
contained the aforementioned variables and the results 
of the exercise electrocardiogram; model 3 added the 
results of the exercise seismocardiogram. The ditfer- 
ences in the areas under the curves for each model were 
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compared by the method of Hanley and McNeil19 to 
assess the ability of the logistic models to accurately 
predict anatomic CAD.20 
Differences between groups for electrocardiographic 
and seismocardiographic sensitivity and specificity were 
compared by the test for proportions. Differences with- 
in groups comparing electrocardiographic and seismo- 
cardiographic sensitivity and specificity were compared 
by McNemar’s test. Comparisons of predictive values 
were performed by &i-square analysis. A p value CO.05 
with 2-sided testing was considered significant. Data are 
expressed as mean + SE. 
RESULTS 
Clinical characteristics: The baseline characteris- 
tics of all 129 patients, as well as for groups A and B, 
are listed in Table I. Only 2% of patients were receiv- 
ing digoxin at the time of the exercise test. Antianginal 
medications were not routinely discontinued for the ex- 
ercise test. The mean maximal heart rate achieved dur- 
ing exercise averaged 85% of the age-predicted maxi- 
mal heart rate. Three patients in group B had history of 
myocardial infarction, 2 of whom had subsequent angi- 
oplasty. The 10 patients in group B categorized as hav- 
ing prior known CAD included the 3 with prior myocar- 
dial infarction, as well as 7 who had coronary angiogra- 
phy with evidence of mild disease (~50% stenosis) 
before exercise testing. 
Anatomically significant disease: Overall sensi- 
tivity and specificity, as well as positive and negative 
predictive values, for anatomically significant disease are 
listed in Table II. The sensitivity of the seismocardio- 
gram was significantly higher than that for the 
electrocardiogram. Specificity was not signiticantly dif- 
ferent between the tests. 
Because the seismocardiogram and electrocardio- 
gram were both obtained from the same exercise test, 
the predictive value of concordance of the 2 test results 
was evaluated. The seismocardiogram and electrocar- 
diogram had concordant results in 78 of 129 patients 
TABLE I Baseline and Exercise Test Characteristics 
All Patients Group A Group B 
(n = 129) (n = 89) (n = 40) 
t 50% lesions by angiography 




Previous myocardial infarction 
Prior known coronary artery disease 
Prior angiography 
Prior coronary angioplasty 
Systemic hypertension 
Current cigarette smokers 
History of smoking 
Hypercholesterolemia 












(min; mean ? 1 SE) 
Maximum/minimum 
Maximal heart rate (beats/mini 
mean 2 1 SE) 
Maximum/minimum 
Postexercise SCG HR (beats/min; 
mean * 1 SE) 
Maximum/minimum 
Peak systolic BP (mm Hg; 
mean * 1 SE) 
Maximum/minimum 
Pressure-rate product 
(mean t 1 SE) 
Maximum/minimum 
89 89 0 
57 lr 2 59 + 2 53 + 2 
84127 84128 82127 
96 (74) 68 (76) 28 (70) 
33 (26) 2 1 (24) 12 (30) 
31 (24) 28 (31) 3 (8) 
68 (53) 58 (65) 10 (25) 
64 (50) 54 (61) 10 (25) 
17 (13) 15 (17) 2 (5) 
65 (50) 43 (48) 22 (55) 
37 (29) 27 (30) 10 (25) 
25 (19) 19 (21) 6 (15) 
52 (40) 42 (47) 10 (25) 
7 (5) 0 (0) 7 (18) 
27 (20) 20 (22) 7 (18) 
9 (7) 6 (7) 3 (8) 
18 (14) 14 (16) 4 (10) 
7 (5) 5 (6) 2 (5) 
2 (2) l(l) 1 (3) 
3 (2) 3 (3) 0 (0) 
3 (2) 3 (3) 0 (0) 
40 (31) 29 (33) 11 (28) 
64 (50) 45 (51) 19 (48) 
41 (32) 33 (37) 8 (20) 
8.0 + 0.3” 7.0 2 0.37 9.0 f 0.5t: 
2012 
139 k 2 
2012 
134 2 2 
1914 
150 -c 3 
185177 172177 185/100 
95 e 2 92 2 2 103 3- 3 
140147 132147 140161 
17.7 i 2 176 zi 3 179 + 4 
2471100 247/109 2301100 
24,723 e 503 23,670 f 594 27,067 + 836 
38,779/10,241 38,779/10,241 37,000111,000 
*Data for 99 oatients with Bruce orotocol: tdata for 65 Datients with Bruce orotocol: idata for 34 oatients with Bruce 
protocol. 
Numbers in parentheses are percents of total group. 
BP = blood pressure; HR = heart rate; SCG = seismocardiographic. 
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TABLE II Exercise Electrocardiography and Seismocardiography for Detection of Anatomic 
Coronary Artery Disease* 
Positive Negative 
Predictive Predictive 
Sensitivity Specificity Value Value 
(1 SE) (1 SE) (1 SE) (1 SE) 
Group A and B patients (n = 129) 
Electrocardiography 0.48 (0.05) 0.80 (0.06) 0.84 (0.05) 0.41 (0.06) 
Seismocardiography 0.73 10.05) 0.78 (0.07) 0.88 (0.04) 0.56 (0.07) 
p value 0.001 1.00 0.77 0.12 
*Anatomicdisease defined as 250% coronary artery narrowing. 
(60%). In these patients, the positive and negative pre- 
dictive accuracies of the concordant test results were 92 
and 63%, respectively. These were not signiftcantly bet- 
ter than the positive and negative predictive accuracies 
for the seismocardiogram alone (88 and 56%, respec- 
tively), or the positive predictive accuracy of the electro- 
cardiogram alone (84%). The negative predictive accu- 
racy of the electrocardiogram alone (41%) was sign& 
cantly lower than if there was concordance of negative 
seismocardiograms and electrocardiograms (63%; p = 
0.01). 
Using the differences in the areas under the receiv- 
er-operating characteristic curves, constructed from lo- 
gistic model 1 (age, gender and pretest angina symp- 
toms), model 2 (model 1 and exercise electrocardio- 
graphic results), and model 3 (model 2 and exercise 
seismocardiographic results), it was possible to evaluate 
the additive effect of the exercise tests on diagnostic 
accuracy. The area under the curve was 70.3 f 4.7% for 
model 1, 74.9 f 4.1% for model 2, and 85.1 f 3.3% for 
model 3 (Figure 3). There was a sign&ant increase in 
the area from model 1 compared with from model 2 
(p = 0.0004), and from model 2 compared with from 
model 3 (p = 0.00001). For model 3, stepwise logistic 
regression resulted in coefficients of 2.277 for seismo- 
cardiography, 0.968 for electrocardiography, -0.853 for 
sex, 0.503 for angina symptoms, and 0.030 for gender. 
Physiologmally significant disease: A separate 
analysis was performed using criteria for the presence 
of physiologically significant disease based on concolr- 
dance of angiography and any defect (tixed or reversible) 
on thallium scintigraphy. For these patients (n = SZ), 
sensitivity and specificity, as well as the positive and 
negative predictive accuracies, for the seismocardiogram 
and electrocardiogram are listed in Table III. The sensi- 
tivity of the seismocardiogram was signiticantly greater 
than that of the electrocardiogram. The specificity, and 
positive and negative predictive values were not signif- 
icantly different between the 2 tests. 
In the physiologically significant disease group, the 
seismocardiogram and electrocardiogram were concor- 
dant in 65% (53 of 82) of patients. The positive and neg- 
ative predictive values of the concordant seismocar- 
diograms and electrocardiograms were 88 and 78%, re- 
spectively. The 78% negative predictive value was 
signiticantly better than for the electrocardiogram alone 
(50%; p = O.Ol), but not for the seismocardiogram alone 
(70%). Positive predictive value was not significantly 
FlGURE 3. Receiver-operating 
characteristic curve (ROC) 
areas for models 1 (age, 
gender and ang%na status), 2 
(age, gender, angina status 
and exercise electw 
cartliographic restdts) and 3 
(age, gender, anglna status, 
and exeAse electrocardi~ 
graphic and seismocardi~ 
graphic resuRs). E&ch bar 
represents mean value of di- 












1 2 3 
MODEL I 
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different for either the electrocardiogram (78%) or seis- 
mocardiogram (89%) alone. 
In the physiologically ischemic group (n = 70), based 
on agreement of angiography and a reversible thallium 
scintigraphy defect, the electrocardiographic sensitivity 
tended to be less than the seismocardiographic sensitiv- 
ity (p = 0.10). Specificity, and positive and negative pre- 
dictive values for the 2 tests were not significantly dif- 
ferent. However, the electrocardiographic values were 
less than the seismocardiographic values, and absence of 
statistical signiiicance may be due to the small sample 
size. 
In the 69% (48 of 70) of physiologically ischemic 
patients who had concordant seismocardiograms and 
electrocardiograms, positive predictive value (86%) was 
not significantly greater than for the seismocardiogram 
(80%) or electrocardiogram (72%) alone. However, the 
predictive value of a concordant negative test result 
(93%) was significantly greater than that of the electro- 
cardiogram alone (71%; p = O.Ol), but not that of the 
seismocardiogram alone (86%). 
Extent and severity of disease: There was no loss 
of sensitivity for the seismocardiogram in 31 patients 
with only l-vessel disease (74%) compared with that in 
the 58 with multivessel disease (72%). Electrocardio- 
graphic sensitivity was 48% for both single and multi- 
vessel disease: 
Patients undergoing coronary angiography were cat- 
egorized according to the percent luminal diameter ste- 
noses criteria of: (1) < or 250%, or (2) < or 270%. The 
sensitivity of the seismocardiogram was greater than that 
of the electrocardiogram for the 2 categories of percent 
stenosis (73 vs 48% [p = O.OOl], and 74 vs 51% 
[p = O.OC?2], respectively). Neither seismocardiographic 
nor electrocardiographic sensitivity changed in the 2 
stenosis categories. Specificity of the seismocardiogram 
was not significantly different from that of the electro- 
cardiogram for either the 50% (78 vs 80%) or 70% (71 
vs 79%) stenosis criterion. 
Clinical subgroups: An analysis of clinical sub- 
groups for a comparison of the sensitivity and specifici- 
ty of the seismocardiogram and electrocardiogram is 
presented in Table IV The detection of 250% coronary 
narrowing was used for this analysis. The seismocardio- 
gram was more sensitive than was the electrocardiogram 
in both men and women. Seismocardiographic sensitiv- 
ity was greater than electrocardiographic sensitivity in 
patients with p blockade or calcium antagonist medica- 
TAiLi III Exercise Electrocardiography and Seismocardiography for Detection of 
Physiologically Significant Coronary Artery Disease 
Negative 
Positive Predictive 
Sensitivity Specificity Predictive Value 
(1 SE) (1 SE) Value (1 SE) (1 SE) 
Physiologically significant disease (n = 82) 
Electrocardiography 0.55 (0.07) 0.74 (0.08) 0.78 (0.07) 0.50 (0.07) 
Seismocardiography 0.78 (0.06) 0.84 (0.07) 0.89 (0.05) 0.70 (0.08) 
p value 0.02 0.45 0.29 0.10 
Physiologically ischemic disease (n = 70) 
Electrocardiography 0.64 (0.08) 0.78 (0.07) 0.72 (0.08) 0.71 10.07) 
Seismocardiography 0.85 (0.06) 0.81 (0.06) 0.80 (0.07) 0.86 (0.06) 
p value 0.10 1 .oo 0.67 0.20 
Physiologically significant disease defined as < 50% stenosis and any thallium defect. Physiologically ischemic disease 
defined as ~50% stenosis and reversible thallium defect. 
TABLE IV Diagnostic Accuracy in Various Clinical Subgroups 
Seismocardiography (1 SE) Electrocardiography (1 SE) 
Sensitivity Specificity Sensitivity Specificity 
Men In = 96) 0.71 (0.06)* 0.82 (0.07) 0.51 (0.06) 0.82 (0.07) 
Woman (n = 33) 0.81 (0.09)” 0.67 (0.14) 0.38 (0.11) 0.75 (0.13) 
With BB (n = 40) 0.72 (0.08)* 0.55 (0.15) 0.31 (0.09) 0.91 (0.09) 
W/o BB (n = 88) 0.73 (0.05) 0.86 (0.07) 0.57 (0.06)t 0.79 (0.08) 
With CA (n = 64) 0.76 (0.06)* 0.74 (0.10) 0.42 (0.07) 0.89 (0.07) 
W/o CA (n = 64) 0.70 (0.07) 0.80 (0.09) 0.55 (0.08) 0.75 (0.10) 
With MI (n = 31) 0.64 (0.09) 0.67 (0.27) 0.39 (0.09) 1.00 (0.00) 
W/o MI (n = 98) 0.77 co.o5j* 0.78 (0.07) 0.52 (0.06) 0.78 (0.07)t 
285% HR (n = 70) 0.76 (0.07) 0.86 (0.06) 0.63 (0.08) 0.79 (0.08) 
~85% HR (n = 59) 0.71 ro.o7j* 0.55 (0.15) 0.35 (0.07)T 0.82 (0.12) 
~70% HR(n = 113) 0.73 to.o5j* 0.79 (0.07) 0.49 (0.06) 0.79 (0.07) 
< 70% HR (n = 16) 0.71 (0.12) 0.50 (0.35) 0.43 (0.13) 1.00 (O.OOH 
With ST (n = 19) 0.94 (0.06) 1.00 (0.00) 0.63 (0.12) 0.33 (0.27) 
W/oST(n = 110) 0.68 (0.05)*t 0.76 (0.07)t 0.45 (0.06) 0.84 (0.06) 
*p 50.05 versus electrocardiography; tp ~0.05 versus correspondlnggroup. 
Data based on detection of anatomic coronatyatterydisease. 
BB = p-adrenergic blocker; CA = calcium antagonist; HR = maximal predicted heart rate; MI = myocardial infarction; 
ST = baseline electrocardiographic ST depression; W/o = without. 
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tion. The sensitivity was greater for the seismocar- 
diogram than for the electrocardiogram in the absence 
of prior myocardial infarction. 
Seismocardiographic sensitivity, although not statis- 
tically significant, tended to be greater than electrocar- 
diographic sensitivity when patients exercised to 85% 
age-predicted maximal heart rate. However, electrocar- 
diographic sensitivity was significantly less than seismo- 
cardiographic sensitivity in the ~85% maximal heart rate 
group (p <O.OOl). Specificity was not different between 
the seismocardiogram and electrocardiogram in the 2 
and 435% maximal heart rate groups. In the ~70% max- 
imal heart rate group, sensitivity of the seismocardio- 
gram was not significantly different from that in the 
270% maximal heart rate group. In contrast, electrocar- 
diographic sensitivity was low in both groups. 
Patients without ST depression on baseline resting 
electrocardiograms had signiftcantly greater seismocar- 
diographic sensitivity than electrocardiographic sensitiv- 
ity. Seismocardiographic sensitivity and specificity for 
patients without baseline ST depression was less than 
those for patients with ST depression on the pre-exer- 
cise tracing. Electrocardiographic specificity was not sig- 
nificantly different between the groups with and without 
baseline ST depression. 
Pretest likelihood of coronary artery disease: In 
the group of patients with a pretest probability for CAD 
of 20 to 79% (n = 39), the clinical value of the 
seismocardiogram was compared with that of the 
electrocardiogram. For detection of 250% coronary 
artery narrowing in this subgroup of patients at moder- 
ate risk of CAD, the seismocardiogram had a signiii- 
cantly greater sensitivity than did the electrocardiogram 
(70 vs 33%; p = 0.02). Negative predictive value (56 and 
38%), specificity (83 and 92%) and positive predictive 
accuracy (90 and 90%) were all similar for the 
seismocardiogram and electrocardiogram, respectively. 
Postexercise seismocardiogram timing: The 
effect of timing of the postexercise seismocardiographic 
recording was evaluated in 109 patients in whom timing 
data were available. For detection of 250% coronary 
artery narrowing, the sensitivity, specificity, and positive 
and negative predictive accuracies were calculated for 
the various time intervals after exercise. There were no 
significant differences in sensitivity when early (0 to 89 
seconds) (n = 77) or delayed (90 to 217 seconds) 
(n = 32) recordings were obtained (72 and 87%, respec- 
tively; p = 0.15). 
DISCUSSION 
The major iinding of this study contirms an earlier 
report that seismocardiography significantly improves 
the sensitivity of exercise testing for detection of CAD 
compared with electrocardiography, without a loss of 
specificity. l5 Exercise electrocardiography improves di- 
agnostic precision by 5% more than the pretest estimate 
available from age, gender, and anginal status by re- 
ceiver-operating curve analysis; the further addition of 
exercise seismocardiography contributes an additional 
10% to the assessment accuracy in the diagnosis of ana- 
tomic CAD, a highly significant (p <O.OOOOl) improve- 
ment. The inclusion of exercise seismocardiographly 
with exercise electrocardiography and standard pretest 
data increases diagnostic accuracy to 85%. 
EfFect of percent diameter stenosis cliteria anid 
extent of disease: The percent luminal diameter 
stenosis on coronary angiography was assessed qualita- 
tively, and there are well-described limitations to the 
accuracy of this assessment.21,22 The sensitivity of the 
seismocardiogram and electrocardiogram did not change 
using either 250% or 270% diameter stenosis criterka; 
the sensitivity of the seismocardiogram was superior 1.0 
that of the electrocardiogram at both stenosis criteria 
cutoffs. Thus, seismocardiography appears to provide an 
improved sensitivity without significant loss of specifici- 
ty in patients with mild to moderate CAD using either 
a 250% or 270% stenosis criterion. 
Seismocardiography appears to be equally sensitive 
in detecting anatomically significant CAD for single or 
multivessel disease. The absence of improvement in sen- 
sitivity for the electrocardiogram between the single and 
multivessel disease categories is puzzling, but may be 
related to referral patterns to thallium-201 scintigraphy 
(and hence to angiography) in patients with suspect, 
negative exercise electrocardiograms. Patients with 
strongly positive, exercise electrocardiogram results may 
be referred directly to angiography and thus would not 
be included in our patient population. 
Physiologwally significant disease: The inaccura- 
cies inherent in the use of qualitative assessment of per- 
cent stenosis by coronary arteriography for the diagno- 
sis of CAD prompted use of alternative (i.e., physiolog- 
ic) criteria. 21 Thus, the requirements of 250% stenosis 
on angiography and a defect (fixed or reversible) on thal- 
lium scintigraphy would be expected to partially correct 
for the overestimation of disease based on 250% steno- 
sis alone.22 Using these criteria for physiologically 
signiiicant disease, seismocardiography was significant- 
ly more sensitive and also had a higher, but not statisti- 
cally signiticant, negative predictive value compared 
with the electrocardiogram. Seismocardiographic speci- 
ficity and positive predictive value were also well main- 
tained using these criteria for physiologically significant 
disease. 
Effect of concordance of seismocardiogram and 
electrocardiogram: Because both an electrocardiogram 
and seismocardiogram were obtained on the same exer- 
cise test, the diagnostic accuracy of concordant tindings 
was assessed. Concordance, which occurred in 60% of 
patients, may contribute additional certainty to the ex- 
ercise test conclusion, especially when both tests are 
negative. 
Effect of gender: Sensitivity of the seismocardio- 
gram was greater in both men and women, without a 
loss of specificity. Previous work found less specifrcrty 
of the electrocardiographic stress test in women,23 but if 
allowance is made for the pretest prevalence of disease, 
it has been demonstrated that men and women have the 
same rate of false positives and negatives.24 
Effect of medications: The sensitivity of the seis- 
mocardiogram was unaffected by either B-adrenergic 
blockers or calcium antagonists; it was greater than that 
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of the electrocardiogram with or without either medica- 
tion. The decreased sensitivity of the electrocardiogram 
compared with that of the seismocardiogram may be 
related to reduced exercise heart rate response or less 
myocardial ischemia. l4 
Effect of prior myocardial infarction: Seismocar- 
diographic sensitivity was not significantly affected by 
the presence of prior myocardial infarction. In patients 
with or without prior infarction, the ST-segment re- 
sponse on the electrocardiogram was less sensitive than 
on the seismocardiogram. However, in practice, the pres- 
ence of pathologic Q waves on the electrocardiogram 
would diagnose CAD even in the absence of ST changes 
on exercise testing. 
EfFect of exercise heart rate: The seismocardio- 
gram in contrast to the electrocardiogram did not show 
a loss of sensitivity in patients who exercised to ~85% 
of the age-predicted maximal heart rate. Seismocardio- 
graphic sensitivity was maintained even in patients who 
exercised to ~70% of the age-predicted maximal heart 
rate. Similar decrements in electrocardiographic sensi- 
tivity related to exercise heart rate (~85% of age-pre- 
dicted maximum) have been reported previously?5 
Eflkct of baseline ST depression: Resting ST de- 
pression on the baseline electrocardiogram was previ- 
ously shown to decrease the specificity of the ST re- 
sponse with exercise.25 In the present study, the small 
number of patients (n = 3) with baseline ST depression 
and without anatomic CAD precludes conclusions con- 
cerning specificity. 
Study limitations: Although this study shows an 
improvement in diagnostic accuracy for the seismo- 
cardiogram over the electrocardiogram, the data cannot 
be extrapolated to other groups of patients with bundle 
branch block or after cardiac surgery, because these pa- 
tients were excluded from the study. 
In this patient population, electrocardiographic sen- 
sitivity was low. This may be due in part to a referral 
bias of equivocal electrocardiographic stress tests to fur- 
ther evaluation by thallium stress testing and angiogra- 
phy. This referral bias would not have been imposed on 
the seismocardiogram, which was performed solely for 
the purpose of this study. The sensitivity of the electro- 
cardiogram was greater in the physiologically significant 
and ischemic groups than in the anatomically significant 
group. The low sensitivity of the electrocardiogram may 
also be due to sampling variability. A large meta-analy- 
sis of exercise electrocardiograms for the diagnosis of 
CAD found an average sensitivity of 68% with a report- 
ed SD of 16%.’ The tinding of 48% sensitivity for elec- 
trocardiography in the present study is within the range 
(23 to 100%) reported in the aforementioned meta-anal- 
ysis. Additionally, this same meta-analysis found the 
inclusion of equivocal exercise electrocardiographic 
results (usually inability to reach target heart rate) 
decreased sensitivity by 7.7%. Our study protocol 
required classification of all exercise electrocardio- 
graphic results as positive or negative, and therefore; test 
results are included that would be classified as equivo- 
cal in actual practice. We considered using heart rate 
adjustment of ST-segment depression26 to improve the 
sensitivity of the electrocardiographic tindings, but the 
approach remains controversiaJ,27~28 and the results vary 
among various investigators.29 
Clinical implications: Exercise seismocardiography, 
performed in conjunction with exercise electrocardiog- 
raphy, has greater accuracy for diagnosing CAD than 
does exercise electrocardiographic testing alone, which 
is especially useful in groups such as women and pa- 
tients receiving heart rate-limiting medications. The test 
is particularly suited to patients with intermediate pretest 
probabilities of CAD, such as middle-aged women with 
typical or atypical angina, and middle-aged men with 
atypical angina. Application in clinical practice of the 
tindings of a signiiicant improvement in negative pre- 
dictive accuracy for concordant results of exercise elec- 
trocardiograms and seismocardiograms can engender 
economic savings. A clinician gains more certainty with 
concordant negative test results, and therefore, there 
should be a reduction in the investigation of suspect neg- 
ative exercise test results by more expensive procedures 
such as thallium-201 scintigraphy and coronary angiog- 
raphy. Additionally, the seismocardiograph itself is mod- 
erately priced ($18,500 to $23,500). The simplicity of 
the seismocardiographic procedure, and the brevity of 
the recordings enable the clinician to easily incorporate 
exercise seismocardiography with standard exercise test- 
ing. 
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APPENDIX 
Study Coordinator: Renee C. Mallett, RN, Seismed 
Instruments Incorporated, Minneapolis, MN. 
Angiograms: Scott W Sharkey, MD, Candace D. 
Dick, MD, and David M. Salerno, MD, PhD, Hennepin 
County Medical Center, Minneapolis, MN. 
Electrocardiograms: Kyuhyun Wang, MD, Steven 
R. Goldsmith, MD, and David M. Salerno, MD, PhD, 
Hennepin County Medical Center, Minneapolis, MN. 
lhalliums (site readers): David D. Stuart, MD, 
Hennepin County Medical Center, Minneapolis; MN, 
and Anthony M. Cook, MD, Abbott-Northwestern Hos- 
pital. 
Seismocardiograms: John M. Zanetti, MS, and 
Mark D. Winston, BA, Seismed Instruments Jncorporat- 
ed, Minneapolis, MN, and Richard S. Crow, MD, Uni- 
versity of Minnesota, Minneapolis, MN. 
REFERENCES 
1. Gimossi R, Detmno R, Mulvibill D, L&mm K, Dubach P, Columbo A, 
McArthur D, Froelicher V. Exercise-induced ST depression in the diagnosis of ccm- 
nary atery disease. A metxmalysis. Circulation 1989;80:87-98. 
2. Golds&lager N, Sax HC, Jr. The diagnostic and prognostic value of the tread- 
mill exercise test in the evaluation of chest pain, in patients with recent myocar- 
dial infarction, and in asymptomatic individuals. Am Heart J 1988;116:523-535. 
3. Ritcbie JL, Zaret BL, Strauss HW, Pitt B, Berman DS, Schelbert HR, Ashbum 
WL, Berger HJ, Hamilton GW. Myocadial imaging with thallium-201: a multi- 
center study in patients with angina pectoris or acute myccardial infarction. Am J 
Cardiol 1978;42:345-350. 
544 THE AMERICAN JOURNAL OF CARDIOLOGY VOLUME 71 MARCH 1, 1993 
4. Jones RH, McEwan P, Newman GE, Port S, Raych SK, Scholz PM, Upton 
MT, Peter CA, Austin EH, Leong K-H, Gibbons RJ, Cobb FR, Coleman RE, Sabis- 
ton DC. Accuracy of diagnosis of coronary artery disease by radionuclide mea- 
surement of left ventricular function during rest and exercise. Circulation 
1981;64:58&601. 
5. F’resti CF. Armstrong WF, Feigenbaum H. Comparison of echocardiography at 
peak exercise and after bicycle exercise in evaluation of patients with known or 
suspected coronary atcry disease. .I Am Sot Echo 1988;1:11P-126. 
6. Salerno DM, Zanetti J. Seismcardiography-a new technique for recording car- 
diac vibrations: concept, method and initial observations. .I Cardiovasc Technol 
1990;9:111-118. 
7. Salerno DM, Zanetti JM, Green LA, Mooney MR, Madison JD, Van Tassel RA. 
Seismocardiographic changes associated with obstruction of coronary blood flow 
during balloon angioplasty. Am J Cardiol 1991;68:201-207. 
8. Silvestre A, Sandhu G, Desser KB, Benchimol A. Slow filling period/rapid fill- 
ing period ratio in the apexcardiogram: relation to the diagnosis of coronary artery 
disease. Am J Cardiol 1978;42:377-382. 
9. Grandi A, Barziza F, Bernardi L, Venco A, Fin&i G. Kiietccardiographic 
detection of ventricular dyssynergy after myocardial infarction. Acta Car-dial 
1984;39:19-27. 
10. Taymor RC, Pordy L, Chesky K, Moser M, Master AM. The ballistocardio- 
gram in coronary artery disease. JAMA 1952;148:4191123. 
11. Scarborough WR, Mason RE, Davis FW, Singewald ML, Baker BM, Lore SA. 
A ballistocardiographic and electrocardiographic study of 328 patients with corn- 
nary xtery disease: comparison with results from a similar study of apparently nor- 
mal persons. Am Heart J 1952;44:645670. 
12. Silver&g RA, Diamond GA, Vas R, Tzivoni D, Swan HJC, Forrester JS. 
Noninvasive diagnosis of coronary tiay disease: the caxliokymograpbic stress test. 
Circulation 1980;51:57%589. 
13. Weiner DA, and Principal Investigators. Accuracy of cardiokymography dur- 
ing exercise testing: results of a multicenter study. J Am Co0 Cardiol 1985;6:502- 
509. 
14. Sheffield LT. Exercise stress testing. In: Braunwald E, ed. Heart Disease: A 
Textbook of Cardiovascular Medicine. Philadelphia: WB Saunders, 1988:228-232. 
15. Salerno DM, Zanetti JM, Poliac LC, Crow RS, Hannan PJ, Wang K, Gold- 
enberg IF, Van Tassel RA. Exercise seismocardiography for detection of coronruy 
atety disease. Am J Noninvasive Cardiol 1992;6:321-330. 
16. Gordon T, Sorlie P, Kannel WB. Coronary heat disease, atherothrombotic 
brain infarction, intermittent claudication. A multivariate analysis of some factors 
related to their incidence: Framingham Study, 16.year follow-up. In: Kennel WB, 
Gordon T, eds. The Framingham Study. An Epidemiologic Investigation of Car- 
diovascular Disease. Washington, DC.: US Government Printing Office, 1971. 
17. Diamond GA, Forrester JS. Analysis of probability as an aid in the clinical 
diagnosis of coronary-artery disease. N Engl J Med 1979;300:1350-1357. 
18. Blackbum HB, Luepker RV, Kliie FG, Bracht N, Carlaw R, Jacobs D, Mit- 
telmark M, Staffer L, Tayor HL. The Minnesota Heat Health Program: a research 
and demonstration project in cardiovascular disease prevention. In: Matarazzo JD, 
Weiss SM, Herd JA, Miller NE, eds. Behavioral Health. A Handbook of He.&h 
Enhancement and Disease Prevention. New York: John Wiley, 1984. 
19. Hanley JA, McNeil BJ. The meaning and use of the area under a receiver oper- 
ating characteristic (ROC) curve. Radiology 1982;143:2%36. 
20. Diamond GA. ROC steady: a receiver operating characteristic curve which is 
invariant relative to relocation bias. Med Deck Making 1987;7:238-243. 
21. Marcus ML, White CW, Kirchner m. Isn’t it time to reevaluate the sensitiv- 
ity of noninvasive approaches for the diagnosis of coronary artery disease? J Am 
Cd Cardiol 1986;8:1033-1034. 
22. Fleming RM, Kirk&de RL, Smalling RW, Gould KL. Patterns of visual inter- 
pretation of coronary artaiograms as detected by quantitative coronary ateriogra- 
phy. J Am Co11 Cardiol 1991;18:945-951. 
23. Sketch MH, Mohiuddin SM, Lynch JD, Zencka AE, Runco V. Significant sex 
difference in the correlation of electrocardiographic exercise testing and coroniuy 
artaiograms. Am J Cardiol 1975:36:169-173. 
24. Weiner DA, Ryan TJ, McCabe CH, Kennedy JW, Schloss M, Tristani F, Chait- 
man B, Fisher L. Exercise stress testing: correlations among history of angina, ST 
segment response, and prevalence of coronary artery disease in the Coronary Artery 
Surgery Study (CASS). N En@ J Med 1979:301:23&235. 
25. Fortuin NJ, Weiss JL. Exercise stress testing. Circulation 1977;56:699-712. 
26. Kligfield P, Am&en 0, Okin PM. Heart rate adjustment of ST segment depres- 
sion for improved detection of coronary artery disease. Circulation 1989;79:245-255. 
27. Lachtennan B, Lehmann KG, Deimno R, Neutel J, Froelicher VF. Compar- 
son of ST segment/heart rate index to standard ST criteria for analysis of exercise 
electrocardiogram. Circulation 1990;82:4&50. 
28. Kligfield P, Okin PM. The academic life of a noninvasive test. Circulalion 
1990;82:2284-2285. 
29. Bobbio M, Detrano R. A lesson from the controversy about heat rate adjust- 
ment of ST segment depression. Circulation 1991;84: 1411%1413. 
SEISMOCARDIOGRAPHY IN CORONARY ARTERY DISEASE 545 
